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Summary 
The article deals with the current problem of improving the effectiveness of the harbour 
tug fleet. The methodology of the selection of optimal structure of the tug assistance has been 
suggested. It is based on the methods of statistical modelling, the queuing theory and the 
theory of the ship design, as well as algorithms developed by the authors. The method of 
calculating forces, which act on the ships during their movement to the port berths, and the 
transfer of these forces to the required total bollard pull of tugs is described. The method for 
calculating the economic performance of the harbour tugs used in harbour towage is 
considered. The algorithm for the development of the order with the determination of the 
required number of tugs to carry out towing operations in the current hydrometeorological 
conditions of the port is suggested. The model of the functioning of the harbour tugs is 
developed. The optimization problem of the determination of the required structure of the 
harbour tug fleet is formulated and solved. The findings of the study results are suggested for 
the optimization of the existing or renewed tug assistance of the port, selection of the design 
characteristics of harbour tugs on the conceptual stages design. 
Key words: bollard pull; effectiveness; harbour towage; harbour tug; methodology; 
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1. Introduction 
Ship design and determination of their effectiveness and operational reliability is 
associated with the analysis of the functional operations performed. As a result of this 
analysis the best of them are selected, intended for the independent operation as well as the 
operation in the fleet. A feature of the port tugs is that the level of their effectiveness and 
safety are most of all realized during the complex consideration of the functioning of the 
harbour tug fleet as a whole, rather than individual tugs. 
The structure of the tug fleet in the port depends on the number of entering ships and 
their deadweight, geographical location as well as the level of technological equipment of 
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berths. Moreover, the accepted norms of the tug assistance on mooring / unmooring and tug 
escorting affect the number of tugs. In different countries there are different approaches to the 
development of norms or stating the quantitative structure of tugs for towing operations. The 
first approach, adopted in Russia and Ukraine, is based on the use of guidance documents [1], 
[2] setting the number of tugs and the power of their main engines, depending on the type of 
the ship and its tonnage. The second approach adopted in many ports of the world is based on 
the use of approximate dependencies and various tables or charts to estimate the required 
characteristics of tugs [3], [4]. Both approaches have their advantages and disadvantages. For 
example, the selection of tugs is performed on the basis of power of their main engines, and 
not bollard pull, but a modern tug with less power may have the bigger bollard pull than the 
tug with the bigger power of the earlier years of construction. Indeed, the bollard pull of the 
tug depends on the type of propulsion: the propeller, the azimuth thruster, the cycloidal 
propulsion. Also, in many cases, norms of tug assistance are stated on the basis of the limit 
wind and wave values without taking into consideration the individual characteristics of the 
port: the area of location, climate, and so on. 
Thus, at present it is a very urgent problem of development of methodology of the 
development of the optimal structure of the harbour tug fleet, as well as the method of 
calculation of the required number and the bollard pull of tugs to perform mooring operations 
for a particular port and current weather conditions. 
The solution of this problem should obviously comply with the balance, which is 
formed in the operating environment (the environment of functional operations) of the port 
under consideration. Since each port is substantially different from one another, the 
requirements for the number and power of port tugs should be formed individually. At that the 
use of more powerful tugs associated with an increase in investment for their acquisition and 
the increase of cost for the operation, becomes justified at the corresponding increase in the 
productivity of port and servicing the ships with characteristics caused by the increase in 
productivity of the port. 
The most promising way, according to the authors, is an integrated approach with the 
use of capabilities of simulation modeling, and the development of the structure of the harbor 
tug fleet should be carried out by modeling its work based on the number and characteristics 
of the processed ships, hydrometeorological conditions. 
2. Literature review  
The performed analysis of studies and publications suggests small amount of scientific 
papers on the subject. First of all we should consider the work of Hansen [3], which includes 
the data on different ports of the world and suggests graphs for selecting the number of tugs 
and their bollard pull, depending on the type of ship and its deadweight. It also provides 
recommendations on the calculation of the required bollard pull of tugs. Some dependencies 
on the evaluation of the bollard pull of tugs are given in the works of [5], [6] and [7]. At the 
same time, these articles do not consider the issue of selecting the optimal structure of the tug 
assistance of the port. 
The works [8], [9], [10] are connected with the selection of the design characteristics of 
port tugs. They contain sufficient detail on the issues of conceptual design of various types of 
tugs. At the same time the works do not consider the research design of port tugs – the bollard 
pull selection, the number for a particular port, taking into account the geographical location, 
climatic conditions, the deadweight of the entering ships and the specifics of the 
implementation of mooring operations. 
The issues of simulation of towing operations and functioning of the port are considered 
in the following articles [11], [12], [13]. 
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The most comprehensive study is the work of [14] in which the author suggested the 
methodology of selecting the optimal structure of the tug assistance of the port. The main 
disadvantage of this approach is the use of the deterministic approach. But, as statistics show, 
the number of ship entering to the port, the time of operation are random variables. 
That is why the article aim is the development of the methodology for the selection of 
optimal number and characteristics of harbour tugs. 
3. Methodology 
The methodology for the selection of the optimal structure of the harbour tug fleet from 
the point of view of economic efficiency is developed by the authors. It is based on: 
1. The method of calculating the forces acting on the ships during their movement to the 
harbour berths and transferring of these forces to the required total bollard pull of tugs. 
2. The algorithm for the development of the order with the determination of the required 
number of tugs to carry out towing operations in the current hydrometeorological conditions 
of the port. 
3. The model of functioning of the harbour tug fleet. 
4. The algorithm for calculating the economic performance of the harbour tugs. 
5. The formulation and solution of the fundamentally new optimization problem of the 
determination of the required structure of the harbour tug fleet. 
3.1 Method of calculation of the required total bollard pull of tugs for performing towing 
operations 
The main factors affecting the total required bollard pull of tugs are the following: the 
size of the assisted ship, aerodynamic forces acting on its above-water part, hydrodynamic 
forces acting on the submerged part of the hull, as well as inertial forces caused by changes in 
the speed of the ship as it moves in harbour waters. 
The correct determination of these forces is provided not only by the selection of a 
sufficient number of tugs and values of their bollard pull, but also by the coordination of the 
processes of the ship movement modelling with the full-scale data of its towages in harbour 
waters. 
The method of "covering" all possible design schemes by one scheme that allocates the 
most critical stages of the mooring-unmooring operations usually accompanied by the largest 
developed forces is used in the given methodology for the determination of the required 
number of harbour tugs. Among the many stages of towing the ship assisted by tugs, the most 
critical in constrained harbour waters are usually the final stage of mooring and the initial 
stage of unmooring. In both cases, the ship is located parallel to the berth and the developed 
forces are oriented in a perpendicular direction to its centreline plane. This design situation is 
traditionally taken as a basis for all methodologies of selecting the required number and 
power of harbour tugs [3], [15], [16]. 
The implementation of the design scheme is achieved in stages by determining the 
forces from wind and wave action, and the ones caused by the movement of the ship and 
inertia of the processes of its braking and accelerated movement. The final value of the force 
which determines the required bollard pull of tugs according to the displacement or 
deadweight of the moored/unmoored ship is calculated by the formula: 
),( 4321 FFFFSF f   (1) 
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where fS  is the operational safety factor; 1F  is the wind forces, t; 2F  is the wave 
forces, t; 3F  is the hydrodynamic forces, t; 4F  is the inertial forces, t. 












  (2) 
where 1  is the air density, kg/m
3, 1V  is the wind velocity, m/s, LA  is the broadside or 
lateral projected wind area, m2, YWС  is the wind force coefficient. 
The values of the wind velocities at the current time 1V  is generated by a random 
number generator in accordance with the given probability distribution function. Lateral 
projected wind area shall be calculated depending on the type of ship, its deadweight and load 
case: “in loaded” or “in ballast” [17], [18]. 
For an approximate assessment of the components of wave forces in the practice of 
designing of ports, the following formula is used [3], [15], [16]: 
2
3/13 112,0 HLF BP , (3) 
where BPL  is the length between perpendiculars of the ship, m; 3/1H  is the significant 
wave height, m. 
The hydrodynamic force acting on the submerged part of the hull of the ship moving in 










 , (4) 
where 2  is the density of sea water, kg/m
3, 2V  is the velocity of the ship at mooring, 
m/s, LCA  is the projection of the submerged part of the hull to the centreline plane, m
2, YCC  
is the hydrodynamic resistance coefficient. 
The determination of the values of the hydrodynamic force is performed with the 
following data: 10252   kg/m
3, 3,02 V  m/s, 7,0YCC . 
The value of 2A  area is determined depending on the type and deadweight of the ship 
and its load case (“in loaded” or “in ballast”) [17], [18]. 
The ship moves lagged at variable speed in the process of the considered stages of 
mooring. The emerging at this time mass and hydrodynamic inertial forces are determined by 
the value of the ship displacement and “added” mass. In the practice of designing ports, the 
total inertial load, required for completing the ship movement when mooring or for 











 , (5) 
where 4f  is the inertial coefficient which is assumed to be equal 6,14 f  for marine 
cargo ships, 4V  is the initial or final velocity, the recommended value of which is 5,04 V  kn 
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( 26,004 VV  m/s), Δ is the displacement of the ship, t, 4S  is the distance of the ship 
movement, 4004  SS  m. 
3.2 Algorithm for the development of the order with the determination of the required 
number of tugs 
To solve the problem of the selection of the optimal number of the harbour tug 
assistance, an algorithm for the development of the order was developed, providing the 
required bollard pull and satisfying the following conditions [14]: 
- the required total bollard pull of tugs used in the towage operation should not exceed 
the actual bollard pull of the selected tugs; 
- the number of tugs used in the towage operation should be not less than 2 and not 
more than 5; 
- the use of tugs only from related groups (limited by bollard pull) is allowed in one 
towing operation. 
The process of the order development begins with the determination of the minimum 
number of tugs minN . For the ships with deadweight of less than 150000 t, two tugs are 
appointed, in other case, three are. It is assumed that first the tugs selected from the same 





Z   (6) 
and the selection of the tugs is conducted by the condition 
ZZ j  , (7) 
where FZ req  is the total bollard pull of tugs which is calculated using the formula 
(1). 
If there are no available tugs with a bollard pull equal to or greater than Z , than the 
minimum number of tugs per unit increases. The operation of incensement continues till the 
maximum allowable number of tugs in the order is exceeded or the condition (7) fulfils. In the 
first case, a message about the absence of available tugs is given and the ship is queued for 
service in waiting of the free required tugs. 
In the second case, the selection of tugs in the cycle is conducted by the formula  
j
ZZ j req , (8) 
where j is the sequence number of the tugs in the order ( min,...,1 Nj  ), j
Zreq  is the 












sumZ  is the total bollard pull of already selected tugs for towage. 
The selected tugs are given the status “non-available”. 
Besides, the towage operation cannot be performed if the required number of tugs is 
greater than the number of tugs which are free at the current time. 
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3.3 Model of functioning of the harbour tug fleet 
The model of functioning of the harbour tug fleet is based on the methods of queuing 
theory [19], [20], [21] and simulation modeling [22], [23], [24]. It is assumed that the 
modelled “port” system consists of the following elements: “the approach channel”, “berths” 
and “tugs”. At this, the approach channel, berths and tugs are serving devices that can be in 
two states: “available” or “non-available”. The arrival of ships at the port is considered as a 
arrival traffic distributed by berths and requiring service. 
The set of the port berths is represented as a multichannel queuing system being in the 
random weather conditions at the random arrival traffic. The intensity of this traffic is 
determined on the basis of statistical data for the considered period (usually a calendar year). 
For the distribution of the arrival traffic by berths, each berth is assigned with its own 
traffic rate (the number of moored ships at a unit of time (one year)) differentiated by the type 
of ships and their deadweight (Figure 1). 
 
Fig. 1 Data on the traffic flow for the second berth 
The random deadweight variable is determined by the probability distribution and its 
parameters. They are the average, variance, etc. As an example, a histogram of such 
distribution and its approximation by the log-normal law for dry cargo ships moored to the 
berth No. 2 of one of the Ukrainian ports with an intensity of an average of 25 ships per year 
is shown (Figure 2). 
If the deadweight of the ships entering the port cannot be described by any of the known 
theoretical distribution, than the histogram (Figure 3) is used to generate the values of the 
random variable. 
At the implementation of the model of functioning the time of occurrence of the next 
ship, i.e.  service request, is generated for each berth. For the obtained arrivals, using formula 
(1), the total required bollard pull of harbour tugs is determined and their number is selected 
from the existing structure of the harbour tug fleet considering the usage of tugs in operations 
with other ships, depending on the type of ship, its deadweight and weather conditions at the 
time of the manoeuvring operations. The possibility of the entering of the ship to the port is 
verified. For this, the following conditions should fulfil: the berth should be “available”, the 
channel – “available”, the weather – “allowable” and there is a sufficient number of tugs with 
required bollard pull. 
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Fig. 2 Distribution of dry cargo ships by deadweight (berth No. 2) 
 
Fig. 3 Dialog window for the selection of the distribution of the random 
 variable 
If all these conditions are fulfilled, carrying out of the next stages of towage operations 
is modelled: escorting or assistance the ship along the approach channel, movement it to the 
berth and mooring. At this, status changes from “available” to “non-available” for the selected 
tugs and the intervals of time for carrying out the stages of towage operations are determined. 
The ship escort operation along the approach channel to the port entering is usually carried 
out with one tug, and assistance at the same location is performed with two tugs. The 
possibility of enabling other modes of navigation depending on the requirements of the port is 
foreseen. “Mooring” operation is conventionally taken as the movement of the ship from the 
port entering the berth. 
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The random variables of intervals of time of performing the stages of towing operations 
are determined by the relevant probability distribution of time of escorting or accompanying, 
movement to the berth and mooring (berthing), as well as the parameters of this distribution, 
such as the average interval of time, its variance, etc. In the case of nonfulfillment of the 
conditions of the ship entering the port, the request is queued for service, i.e., “ship 
anchorage” event is modelled. 
After completing the towing operations of escorting and movement of the ship to the 
berth, the tugs involved in escorting and movement become free (i.e., they get the “available” 
status). 
The time of ship anchorage at the berth when the loading and unloading are carried out 
at the berth is modelled depending on the performance of the berth cargo equipment. The 
random variable of the performance of each berth is determined by the applicable distribution 
and its parameters. 
After completing the loading and unloading, the possibility of the ship's unmooring 
from the berth is verified (availability of tugs and approach channel and the suitable weather 
conditions). If these conditions are nonfulfilled, the ship stays at the berth and waits for its 
turn for service. 
If the required conditions for the departure of the ship from the port are met, than the 
required number of tugs (their status becomes “non-available”) is selected from a number of 
available tugs, the intervals of time of unmooring operations and movement of the ship to the 
port exit (unmooring) and channel transit (escorting or assisting) are determined, the channel 
is given the “non-available” status and the modelling of towing operations is carried out. 
The random variables of intervals of time of performing the stages of these towing 
operations are also determined by the relevant probability distribution of unmooring time and 
movement of the ship to the port exit, transit of the approach channel and parameters of the 
distribution. 
The weather conditions for operating the port are set using the long-term probability 
distribution of wind velocities in the area of its geographical location. 
The probability distribution of the characteristics of the port berth equipment are 
assessed by the average values of harbour berths performance and statistical data of the 
anchorage time of ships in the port for loading and unloading in a calendar year. 
The time distribution of escorting the ship in the harbour approach channel, towing it 
from the port entering to the berths and back are also assessed according to the statistical data 
of the harbour tugs performance. 
By the end of towing operations with the ship leaving the port, the request leaves the 
model, tugs and the channel are idle. 
The modelling process is carried out in the interval of time equal to one calendar year, 
with a time step equal to one minute. 
The state in which all berths are considered free, tugs – available, approach channel – 
idle is taken as the initial state of the system. 
The considered model of functioning of the harbour tug fleet is graphically represented 
in Figure 4 
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Fig. 4 Model of functioning of the harbour tug fleet 
3.4 Method of economic performance calculation of harbour tugs operation  
 
The developed model of functioning is extended by the block of calculation of the 
harbour tug performance. Performance evaluation is done by calculating the costs and 
revenues of harbour tugs at the performance of the following operations: 
- escorting (assistance); 
- mooring / unmooring / shifting; 
Oleksandr V. Bondarenko, Valery O. Nekrasov, Effectiveness harbour tug fleet: problem formulation 
Oleksii P. Yastreba and methodology of its solution 
42 
- waiting (delay). 
The method takes into account the accumulation of all revenues from these operations, 
as well as the main items of operating costs. The costs are determined not by the maximum 
values of engine power of tugs, and current costs of power, required for the development of 
the required bollard pull, ensuring the implementation of the towing operation at the actual 
weather conditions, taking into account the additional force action due to the kinematics of the 
ship during the implementation of the current operation. 
Taking into account the specifics of work, the revenue of the harbour tug is expected to 
consist of two components: 
- Hourly rate assistance (escort); 
- Payment for the execution of mooring operations (towing rate). 
Operational cost of the harbour tug include the costs of fuel, crew salary and taxes, 
depreciation, repairs and maintenance, docking and classification survey. 





C  , (10) 
where m&rq  is the norm of the repairing and maintenance costs, %, TAC  is the harbour 
tug total acquisition cost; 
Costs of docking 
100
TAdcCqCdc  , (11) 






C  , (12) 
where dpq  is the norm of the depreciation, %. 
Crew salary and taxes 
 enc112 crewsal  NsC m , (13) 
where crewN  is the crew number, ms  is the crew average salary per month, enc is the 
social taxes. 




C eFC , (14) 
where FCS  is specific fuel consumption g/(kWh), eN  is the required power of the tug 
main engines to perform port operations, kW, T  is the time of the towing operation or the 
escorting operation, determined in the model of functioning, hours. 
Based on the above, for the calculation of such performance indicator as the profit from 
the usage of the harbour tug fleet, in the first approximation we need to determine revenues 
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from towing operations and tugs operating costs, that are expressed through the time of 
functional operations and the number of tugs used. 
For the implementation of the suggested methodology the corresponding program has 
been developed. The main dialog window of the program is shown in Figure 5. 
 
 
Fig. 5 The main dialog window of the program to determine the effectiveness of existing or appointed structure 
of tugs  
 
3.5 Formulation and solution of the problem of selection of the optimal structure of harbour 
tug fleet 
Methodology developed by the authors allows one to solve the problem of selection of 
the optimal structure of harbour tug fleet using two methods. 
The basis of the first method is the development of the optimal structure of the harbour 
tug assistance from the existing harbour tugs as well as set preformed projects with well-
known pull characteristics. The matrix of tugs should contain the following information: the 
name of the tug, the number of crew, bollard pull, power, speed, acquisition cost, hourly rate, 
monthly crew salary, costs of repairs and maintenance, annual depreciation. 
In this case, selection of the optimal structure of the port tug assistance is based on the 
analysis of the operation time of each type of tugs. Tugs with the minimal operation time 
should not be left in the fleet. 
The second method provides a solution to the optimization problem. The number of tug 
types, which can be used to perform towing operations, is assumed to be known. 
The index of the profit maximum or total bollard pull minimum can be selected as an 
objective function.  
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The vector of independent variables includes: iZ  is the bollard pull and ix  is the 
number of tugs of the i-th type. 
The system of constraints of the optimization problem contains the following 
requirements: 
– to the number of tugs of the appropriate type 
maxmin
iii xxx  , (15) 
where 0min ix  is the minimum number of tugs of the i-th type; 
max
ix  is the maximum 
number of tugs of the i-th type; 
– to the bollard pull of tugs of the appropriate type 
maxmin
iii ZZZ  , (16) 
where miniZ  is the minimum bollard pull of tugs of the i-th type; 
max
iZ  is the maximum 
bollard pull of tugs of the i-th type. To solve the given optimization problem genetic 
algorithm [25], [26] is applied. 
 
4. Example of solving the problem of finding optimal characteristics of the harbour tug 
assistance 
The determination of the optimal characteristics of tugs and structure of the tug fleet of 
one of the ports of Ukraine is carried out by solving the optimization problem. The criteria of 
optimality in this problem are the minimum of the total bollard pull of the tug fleet at the 
given ship traffic flow and the maximum performance (profit) on the time interval, which is 
equal to the calendar year. The permissible difference among the number of ships in this 
interval which entered the port and departed from it is minimizing the damage to the ship 
owners from the delaying of a ship. This difference is used as the main limit of the problem. 
The solutions of the optimization problem are obtained for the existing berthing 
complex and the complex of berths of the nearest future. The aim of these problems was to 
minimize the total bollard pull through the appropriate selection of tugs for each towing 
operation, generated in the actual weather conditions. At that the answers for three options of 
the port servicing are obtained: 
– existing structure of tugs; 
– with the exception of the most powerful tug from the existing structure of tugs, i.e. the 
tugs with a bollard pull of 75 tons; 
– with the exception of two tugs from the existing structure of tugs. These tugs have 
bollard pull of 50 and 75 tons, but with the addition of tug with a bollard pull of 30 tons. 
At the current structure of tugs the removal of two tugs with a bollard pull of 50 and 75 
tons, compensated by adding the tug with a bollard pull of 30 tons proved to be the most 
profitable for the currently available berth complex. The annual notional profit in this case 
was found to be equal to 4,23; 5,04 and 5,59 million USD on the variants respectively. 
The removal of only one powerful tug with a bollard pull of 75 tons led to the optimal 
state of the tug fleet for the prospective berth complex. At that, the notional profit on these 
variants was 5,5; 6,68 and 6,38 million USD respectively. 
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5. Conclusions 
The developed methodology and the software package provide: 
– the selection of the optimal structure of the existing or advanced tug assistance of 
ports according to the types of tugs and their bollard pull, taking into account the individual 
characteristics of the port waters, the climate, the number of berths and the established regime 
of navigation; 
– the determination of economic results of the secure service of ships, in the complex of 
the existing and expanded berths of the port with the existing or set structure of the tug fleet; 
– the solution of the major problems of harbor tugs designing, in particular – the 
development of a number of types and sizes of tugs, depending on the required bollard pull. 
Another application of the methodology and the software package is possible. In 
particular they can be used to solve the following problems: 
– the operational solutions to all current tasks of escorting and mooring / unmooring of 
ships in the modern port using powerful tugs; 
– development of the reform of "Mandatory requirements of the port to the number and 
power of tugs serving ships entering the port"; 
– preparation and correcting of the relevant chapters of "Norms of technological 
designing of seaports of Ukraine". 
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